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Title: Physical and chemical study of single aerosol particles using optical trapping-cavity

ringdown spectroscopy

What are the research goals of the project?

The overarching goal of this project is to pursue a better understanding of physical and chemical
properties of aerosol particles. We propose to measure single aerosol particles using the optical
trapping-cavity ringdown spectroscopy (OT-CRDS) in combination with conventional aerosol
characterization methods/techniques to gain fresh insight into aerosol properties, especially

chemical properties.

The proposed specific research objectives include
1) Transport and stabilize a single aerosol particle in air using optical trapping
techniques (radiation pressure trapping and photophoretic trapping) in different
optical configurations including free-space single laser beam (optical tweezers),
counter propagating Bessel beams, and counter propagating hollow beams. Single
aerosol particles will be generated to include three optical property groups: optically
transparent, low-absorbing, and high-absorbing particles with different chemical

constituents (atmospherically and biologically important compositions).



2) Upgrade our existing CRDS system for the study of single aerosol particles via
integrating an optical trapping system, a CCD imaging system, and a single aerosol

generation system into the CRDS system.

3) Validate the OT-CRDS system using well-defined single aerosol particles for spatial
resolution in a single aerosol manipulation, detection limit of extinction coefficient,
detection sensitivity of chemical absorption, accuracy of refractive index (both real

and imaginary parts), and system temporal resolution.

4) Conduct physical and chemical characterizations of different types of single aerosol
particles using the validated OT-CRDS system. Physical properties of aerosol
particles to be investigated include size, size equilibrium, refractive index, etc.;
chemical properties include surface chemical compositions, spectral fingerprints of
selected function groups (i.e. OH, CH, H;0), aerosol hygroscopicity, wavelength-

dependent extinction, scattering, and absorption coefficients, etc.

What was accomplished under these goals?

(For Period: 08/01/2015 — 08/31/2016)

A. Major activities

1. Development of a new aerosol characterization technique: Single-Aerosol-Particle-Scope

using Optical Trapping-Cavity Ringdown Spectroscopy (OT-CRDS)
2. Investigation of fundamental light forces and motions of absorbing airborne particles
3. Exploration of diversity of optical trapping schemes and configurations for airborne particles

4. Measurements of size-, particle-, or wavelength-dependent extinction of single aerosol

particles optically trapped in air using Optical Trapping-Cavity Ringdown Spectroscopy

5. Improvement of the current experimental system for future work



B. Objectives

1. Develop a new aerosol characterization technique for study of both physical and chemical

properties of single aerosol particles trapped in air
2. Understand fundamental light forces and motions of light-absorbing single airborne particles

3. Conduct comprehensive characterization of single trapped aerosol particles using the OT-
CRDS system

4. Explore fundamental aerosol science and generate impact on US DoD’s missions.

C. Significant results

1. Optical Trap-Cavity Ringdown Spectroscopy (OT-CRDS) as a Single-
Aerosol Particle Scope

We have developed a new single-aerosol particle scope using an optical trapping-cavity
ringdown spectroscopy (OT-CRDS) technique. We have demonstrated a high-precision and rigid
single airborne particle trap-and-transport system combined with the CRDS technique. The OT-
CRDS records and displays the single particle’s location, motion, and temporal behavior through
vivid RD views. So, we tentatively name the technique as an OT-CRDS single-aerosol particle
scope. The scope can not only view physical parameters such as size, motion, restoring force
constant of a single aerosol particle trapped in air, but also display time-, particle-, or
wavelength-resolved chemical properties such as single aerosol particle extinction. This single-
aerosol particle scope offers a new, powerful tool to study both physical and chemical properties
as well as their evolving dynamics.
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Fig.1 (a) Schematic diagram of the optical trapping-cavity ringdown spectroscopy (OT-CRDS)
system using two simply focused pulsed Gaussian beams at 405 nm for trapping and a pulsed
beam near 315 nm for RD. (b) Detailed illustration of the trapping device. (c) An imaging system
to monitor a trapped particle in live. (d) Interference pattern for the validation of the alignment of
the two counter-propagating trapping beams. (e) A single particle (MWCNT) trapped in air.
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Fig. 2 (a) Response of the OT-CRDS scope that views the trapped particle walking through the
ringdown beam step by step. (b) An image that shows the traces of the particle (MWCNT)
walking through the RD beam.
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Fig.3 The OT-CRDS single particle scope views oscillations of a trapped particle. (a) Image of a
trapped single SWCNT particle. (b) Oscillations of the trapped particle viewed by the OT-CRDS
scope. The particle was trapped outside the RD beam, with the longest RDT at the equilibrium
position. (c) Enlarged view of the data in (b) for a time window of 5 consecutive thermal
oscillation intervals of 39, 42, 46, 36, and 39 s.

In conclusion, (1) we extended the OT-CRDS technique for the study of single aerosol particles
of different type, size, and morphology, (2) we report a new OT-CRDS scheme to achieve a
simple particle trap and high-precision (~50% of a particle size) particle transport, (3) we have
demonstrated for the first time that the OT-CRDS particle scope can view the oscillatory
behavior of the local thermal equilibrium, (4) the OT-CRDS scope can directly measure an
oscillation restoring force constant of as small as ~10™° N/m when a trapped particle oscillates
slowly, e.g., 0.2 Hz, which corresponds to a force of ~10* N resulting from a change in the
trapping force, and (5) further development of this new OT-CRDS single particle scope will
potentially generate an all-in-one technology to enable one to directly measure a tiny change
(e.g., pN or smaller) in optical trapping forces and its resultant motions and to quantity several
key aerosol properties simultaneously.

Part of this work is published in Applied Physics Letters, 107, 241903 (2015). The work is
featured in the front cover of the issue.

2. Laser Pushing or Pulling of Absorbing Airborne Particles

Optical manipulation of microscopic objects using light is an emerging tool used in diverse
research fields such as physics, chemistry, biology, materials. Research related to optical
manipulation using optical forces ranges from the early demonstration of particle levitation and
trapping in different media such as solution or air to the recent breakthrough in controlled optical
manipulation as reported in recent theoretical proposals and experimental demonstrations. Of
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those significant theoretical or experimental studies in controllable optical manipulation of small
particles using light, the fundamental light-particle interaction phenomenon, light can push and
pull a small particle, has been demonstrated using transparent spherical particles, transparent
nonspherical particles, and absorbing spherical particles (all except absorbing nonspherical
particles). Whether it is a general fundamental light-particle interaction phenomenon for arbitrary
particles lies in a theoretical or experimental breakthrough in controlled optical manipulation for
the last category—absorbing nonspherical particles. However, this challenge has been addressed
neither theoretically nor experimentally to date.

Here we report our experimental observations of light-controlled pushing or pulling of absorbing
irregularly-shaped particles. This observation is made by using a rigid experimental design, so
that the fundamental phenomenon of optical forces is revealed without possible external
interferences. A single absorbing particle formed by carbon nanotubes in the size range of 10-50
pum is trapped in air by a laser trapping beam and concurrently illuminated by another laser
manipulating beam. When the trapping beam is terminated, the motion of the particle is
controlled by the manipulating beam. Both pushing and pulling motions are observed.
Additionally, the movement direction has little relationship to the particle size and manipulating
beam’s parameters but is dominated by the particle’s orientation and morphology. With this
observation, the controllable optical manipulation is now able to be generalized to arbitrary
particles regardless of being transparent spherical, transparent nonspherical, absorbing spherical,
or absorbing nonspherical that is, for the first time, shown in this work.
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Fig. 4 Images (top view) of the trapped MWCNT particles in air associated with the particle
being a, pushed; ¢, pulled; and e, pushed and pulled simultaneously by the manipulating
beam upon blocking the trapping beam, respectively. Media 1, Media 2, and Media 3 show
the corresponding motions of the particles in a, ¢, and e; while b, d, and f show the moving
behaviors of the particles in a, ¢, and e respectively, which are represented in distance
versus time, and symbol A for pushing motion, [] for pulling motion.
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Fig. 5 Illustration of the explanation. The pushing and pulling motion of a single irregularly-
shaped absorbing particle in air under the manipulation of a laser beam ata, t =0; b, 0 <t <
At; c, d, t > At. Laser 1: trapping; laser 2: manipulating.

In summary, we used a specially designed experimental setup to observe the net forces on
particles illuminated by a laser. We began the study with the particles levitated and at rest. We
observed both pushing and pulling motions of the irregularly shaped particles with equal
probability and with zero interference from initial speed, gravitational force, buoyancy force, and
drag force. We suggest that the direction of motion is due to the particle orientation and
morphology, as there is little dependence on the manipulating beam’s parameters and the particle
size in the size range studied. This experimental observation poses a challenge in an effort to
extend the theories that are limited to spherical particles to irregularly shaped, absorbing
particles. A breakthrough in controlling the motion of single particles of arbitrary morphology
would be useful in diverse applications such as three-dimensional sorting and manipulating of
microscopic objects.

Part of this work is published in Applied Physics Letters, 109, 011905 (2016);
http://dx.doi.org/10.1063/1.4955476

3. Optical configurations for photophoretic trap of single airborne particles in
air

In this work, we discuss six types of photophoretic trapping schemes using: (I) a single Gaussian
beam, (I1) a single hollow beam, (111) a confocal Gaussian beam, (IV) a confocal hollow beam,
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(V) dual CP Gaussian beams, and (VI) dual CP hollow beams. These six types of trapping
schemes are sequentially labeled and referred to as Type I-VI in the text below. Key parameters
affecting the simplicity, robustness, flexibility, and efficiency of optical traps based on these
schemes include trapping laser source, beam power, beam shape, focusing optics, and trapping
cell geometry, among others. In total, we explored 21 variants (with 21 configurations) from the
six types of schemes by altering those key parameters. Trapping configurations were evaluated
with both strongly absorbing (two types of carbon nanotubes and two types of grass smut spores)
and weakly absorbing particles (two types of pollen particles). Our results show that the confocal
beam traps (Type Il and 1V), which are reported for the first time in this paper, have well
balanced merits and may have a wide application in the future. We then demonstrate the
application of confocal beam optical trapping to cavity ringdown spectroscopy (OT-CRDS). We
also recommend a procedure to choose a proper trapping scheme for a specific application and
discuss the advantages and disadvantages of the schemes for additional applications.

A. Single Gaussian or hollow beam trap scheme

a b

particle\ particle
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Fig. 6 The trapping schemes using a single beam. (a) Single Gaussian beam trapping scheme. (b)
Single hollow beam trapping scheme. (c) A single MWCNT particle is trapped in the single
Gaussian beam trap, formed by focusing a 532 nm Gaussian beam using a lens with f = 10.0 mm.
(d) A single MWCNT particle is trapped in the single hollow beam trap in which a hollow beam
is formed from a 445nm Gaussian beam using an axicon, and then focused by a MO50x%. Red
and white arrows indicate the location of the trapped particle and the direction of the trapping
beam, respectively.

B. Confocal Gaussian or hollow beam trap scheme
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Fig. 7 The confocal trapping scheme using a single beam. (a) The confocal Gaussian beam
trapping scheme, (b) the confocal hollow beam trapping scheme. (c) A single MWCNT particle
is trapped using the confocal Gaussian beam trap formed by focusing a 445 nm Gaussian beam
using a micro objective (MO50x). (d) A single MWCNT particle is trapped using the confocal
hollow beam trap. The hollow beam was formed from a 445nm Gaussian beam by an axicon and
then focused by a micro objective (MO50x). Red and white arrows indicate the location of the
trapped particle and the direction of the trapping laser, respectively.

C. Dual-Gaussian or hollow beam trap scheme

Fig. 8 The dual-beam trapping schemes. (a) The dual-Gaussian beam trapping scheme, (b) the
dual-hollow beam trapping scheme. A single MWCNT particle is trapped in (c) the dual-
Gaussian beam trap and (d) the dual-hollow beam trap. Red and white/black arrows indicate the
location of the trapped particle and the direction of the trapping laser, respectively.
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